We demonstrated that Yb:YAG single crystal fibers have a strong potential for the amplification of femtosecond pulses. Seeded by 230 fs pulses with an average power of 400 mW, the system produced 330 fs pulses with an average power of 12 W. This is the shortest pulse duration ever produced by a Yb:YAG amplifier. The gain in the single crystal fiber reached a value as high as 30 in a simple double pass configuration.
Introduction
Among all commercially available Ytterbium-doped crystals, Yb:YAG has been the most intensively used in the past 20 years. This material possesses a good thermal conductivity K ~ 9 W.m -1 .K -1 (for a 2% doping concentration) and an unmatched emission cross section of s emission = 2.10 -20 cm 2 compared to most other Yb doped materials. Those properties make it particularly interesting for high power systems. Furthermore, its gain bandwidth of Dl ~ 9 nm, despite being among the narrowest of the Yb-doped matrices, is commonly used for picosecond pulse amplification and still supports the production of femtosecond pulses [1] . In the context of sub-picosecond pulses, it is worth to mention the performance obtained with thin disk Yb:YAG oscillators, with an average power above 70 W and pulse energy in the multi-microjoule level [2] . The pulse duration for this kind of device remains however close to 1 ps. Pulsed amplifiers have also been developed with Yb:YAG, the most impressive being the Innoslabs performance with 400 W of average power and a pulse duration of 682 fs and an energy in the microjoule range [3] . However, thin disks and Innoslab suffer from their inherent complexity: the number of passes for the pump or for the signal is important. Amplification in Yb:YAG single crystal fibers (SCF) appears as an emerging alternative strategy for ultrashort pulse amplification to high average power in a simple setup. Indeed, a SCF possesses the aspect ration of a short rod-fiber or a thin and long crystal [4, 5, 6] . Therefore, such a SCF can benefit from both the advantages of fibers, straightforward thermal management, and the spectroscopic and thermo-mechanical properties of Yb:YAG. In this contribution, we will report on the first demonstration of a µ-pulling down ytterbium-doped YAG single crystal fiber ultrashort pulse amplifier.
Experiment and results
The femtosecond pulses comes from a passively mode-locked Yb 3+ :KYW oscillator. After been optically isolated, a half wave plate and a polarizer were used to vary the signal power incident on the SCF. These pulses were directly seeded into the 1 mm-diameter, 40 mm-long, and 1%-doped Yb:YAG SCF provided by Fibercryst. Due to the losses of the different optical components, the average power incident on the SCF was reduced to 400 mW at maximum. The beam waist was located at the middle of the gain medium and has a diameter of 320 µm. The SCF was mounted in a water cooled cooper heat sink which temperature was regulated at 10°C. Both ends of the Yb:YAG SCF were polished at 0° and anti-reflection coated for both pump and laser wavelengths. The gain medium was end-pumped by a 200-µm fiber-coupled laser diode emitting up to 180 W at 940 nm (numerical aperture of 0.22). The pump light was focused inside the SCF on a 400 µm diameter spot size by two doublets with 50 mm and 100 mm focal length. At first the SCF amplifier was studied in single pass for gain characterization, pump beam and signal beam being in counter propagation. The experimental setup can also be modified for a second signal pass by the use of a Faraday mirror. In this configuration, the output after the second pass was achieved on a polarizer placed upstream the SCF amplifier. Finally, a set of Gires Tournois Interferometer (GTI) mirrors was implemented to compensate for the dispersion accumulated through the experiment. The gain properties of the Yb:YAG SCF is first studied and represented in Fig.1 . For the maximum input power of 400 mW, we could extract as much as 4 W leading to a single pass gain of 10. For an input average power of 1 mW, the gain reaches 21 setting a lower boundary for the small signal gain. This value is particularly high compare to what reported in other geometry. When double pass was realized the maximum extracted average power is tripled with respect to the first pass and reaches 12 W for 175 W of pump power with a slope efficiency of 7%. The moderate efficiency obtained here may have three origins: firstly, with a value of 3 in the second pass, the gain is far from complete saturation and higher efficiency can be expected for higher input average power. Secondly, the overlap between the pump and the signal is excellent in the SCF section where the pump is in free space propagation but becomes limited once the pumped is guided by totally internal reflection. And finally, the whole pump power is absorbed meaning that either a shorter SCF or a lower doping concentration could prevent re-absorption effects and thus improve power extraction. M 2 measurements were carried out and revealed a degradation of the beam quality for increasing pump power. For 12 W average output power, we measured M 2 x = 1.28 and M 2 y = 1.68 while the oscillator beam profile had a M 2 < 1.2 on both axis. This degradation is a manifestation of thermal stresses inside the gain medium. Nevertheless, we believe that this degradation could be easily limited with a better contact between the SCF and its heat sink. We then focused on the spectral and temporal properties of the amplified pulses after two passes in the gain medium (see Figure 2) . The pulse spectral bandwidth decreases from 5.7 nm (input pulses) to 3.1 nm at a gain of 5 and 2.6 nm at a gain of 30, i.e. at the maximum extracted power of 12 W. Therefore, the gain of 30 seems to be a good compromise between significant amplification and preservation of the spectral bandwidth. At the output of the amplifier the autocorrelation duration is 700 fs and can be externally compressed by the GTI compressor down to 560 fs leading to a pulse duration of 350 fs for TBP ~ 0.257 only 8% above the Fourier limit (see Figure 2 ). To our knowledge, this represents a reduction by a factor of two compared to the pulse duration ever produced by an femtosecond Yb:YAG amplifier. At 12 W of average power, the energy per pulse was 400 nJ and the peak power reached 1.14 MW after compression.
Conclusion
In conclusion, we have demonstrated that Yb:YAG single crystal fibers have a strong potential for femtosecond pulse amplification. Compared to other Yb:YAG amplifiers, the main advantages of this geometry is to provide a high single pass gain leading to a very simple amplifier geometry, nearly as simple as a conventional fiber amplifiers. Moreover, the pulse duration obtained after compression is the lowest ever obtained with an Yb:YAG amplifier, to our best knowledge. Furthermore, the authors believe that this amplifier technology could be advantageously combined to already well established bulk or fiber amplification scheme to boost there average power in the 10 -100 W range with energies exceeding several mJ and pulse duration still below 500 fs.
